Interindividual differences in pain sensitivity vary as a function of interactions between sensory, cognitive-affective, and dispositional factors. Trait mindfulness, characterized as the innate capacity to nonreactively sustain attention to the present moment, is a psychological construct that is associated with lower clinical pain outcomes. Yet, the neural mechanisms supporting dispositional mindfulness are unknown. In an exploratory data analysis obtained during a study comparing mindfulness to placebo analgesia, we sought to determine whether dispositional mindfulness is associated with lower pain sensitivity. We also aimed to identify the brain mechanisms supporting the postulated inverse relationship between trait mindfulness and pain in response to noxious stimulation. We hypothesized that trait mindfulness would be associated with lower pain and greater deactivation of the default mode network. Seventy-six meditation-naive and healthy volunteers completed the Freiburg Mindfulness Inventory and were administered innocuous (35˚C) and noxious stimulation (49˚C) during perfusion-based functional magnetic resonance imaging. Higher Freiburg Mindfulness Inventory ratings were associated with lower pain intensity (P 5 0.005) and pain unpleasantness ratings (P 5 0.005). Whole brain analyses revealed that higher dispositional mindfulness was associated with greater deactivation of a brain region extending from the precuneus to posterior cingulate cortex during noxious heat. These novel findings demonstrate that mindful individuals feel less pain and evoke greater deactivation of brain regions supporting the engagement sensory, cognitive, and affective appraisals. We propose that mindfulness and the posterior cingulate cortex should be considered as important mechanistic targets for pain therapies.
Introduction
Pain is a highly subjective and dynamic experience constructed and modulated by ascending nociceptive signals and a myriad of interactions between psychological, cognitive, and contextual factors. 8, 56 Interindividual differences in pain sensitivity are also shaped by fluctuating shifts in attention between nociceptivedriven salience and self-referential processes. 4, 53, 77 Resting brain states can reliably predict whether individuals will report magnified sensory and affective responses or whether they can effectively cope with real-time pain. 34, 35 Furthermore, individuals with a greater propensity to decouple affective appraisals from sensory discriminative processes report less pain. 24 Interestingly, mindfulness meditation, a technique premised on sustaining nonreactive awareness to the present moment, reduces pain through a nonevaluative attentional stance towards painful sensations, 62, 85, 90 evidenced by greater somatosensory processing and reduced prefrontal cortical activation during painful heat. 19, 24 Trait mindfulness is defined as the innate propensity to be aware of the present moment in a nonreactive manner. 11 Longterm meditation practitioners express exceptionally high levels of mindfulness likely due to extensive bouts of mental training. Yet, there is wide-ranging trait-level variability in mindfulness that is independent of mindfulness meditation practice. Individuals exhibiting low levels of dispositional mindfulness have a higher susceptibility to ruminate 49 and catastrophize about pain. 59 By contrast, mindful individuals (1) demonstrate a greater ability to self-regulate, (2) engage acceptance-based coping strategies during pain and, (3) report lower pain across a number of chronic pain populations. 42, 51, 63 However, the neural mechanisms supporting the relationship between dispositional mindfulness and pain are unknown.
There has been a significant amount of attention directed towards identifying the impact of mindfulness practices on resting network-based brain mechanisms such as the default mode network (DMN). In brief, the DMN is defined by oscillating activity within a group of distinct brain regions (medial prefrontal cortex, posterior cingulate cortex [PCC]/precuneus, and inferior and lateral temporal cortices) and is associated with facilitating self-referential processes. 12, 39, 54, 68 The PCC is the central node of the DMN and has been characterized as a prominent mechanistic marker uniquely impacted by mindfulness 5, 6, 23, 65, 89 and pain. extensive 6, 70, 71 training. Furthermore, mindfulness-induced PCC alterations are associated with lower anxiety 89 and inflammatory IL-6 circulation 10 corresponding to a decrease in self-referential cognitive distortions. 41 Yet, we have not identified whether interindividual differences in trait mindfulness covary with pain sensitivity in meditation-naive individuals and the brain mechanisms supporting the hypothesized relationship between trait mindfulness and pain. The present analysis examined cerebral blood flow (CBF) using perfusion magnetic resonance imaging (MRI) and a relatively large sample size to determine whether higher trait mindfulness is associated with lower pain sensitivity reports and greater deactivation of the DMN.
Methods

Participants
The present data are derived from portions of a previously published neuroimaging experiment 83 examining the neural mechanisms supporting mindfulness-based analgesia when compared with placebo. Participants underwent 2 separate functional MRI (fMRI) sessions before and after separate 4-session interventions. This study examined data obtained in the preintervention MRI session only. Eighty-five healthy, pain-free, right-handed volunteers successfully completed the preintervention MRI session. Nine subjects were excluded from the final analysis due to MRI-related artifacts (defined below in the Cerebral blood flow artifact detection procedures section). Thus, a total of 76 participants (mean age 5 27 6 5; age range 22-52 years; 40 women) were included in this study. The distribution of ethnicities included 57 whites, 8 blacks, 5 Asians, 5 "mixed," and 1 Hispanic. Individuals were excluded from participating in the study if they were: depressed, taking psychotropic and/or pain medication, pregnant, experiencing ongoing/chronic pain, and reported previous meditation experience. Wake Forest School of Medicine's Institutional Review Board approved all study procedures.
Stimuli
As in our previous studies, 82, 83, 88 a TSA-II device (Medoc, Inc., Raleigh, NC) was used to deliver all thermal stimuli using a 16-mm 2 surface area thermal probe. The thermal probe was moved to a new stimulation site after each experimental series to reduce habituation/ sensitization, and all stimulus temperatures were #49˚C.
Psychophysical assessment of pain
As described previously, 8, 82 pain intensity and unpleasantness ratings were assessed using a 15-cm plastic sliding visual analogue scale (VAS). 57 Operational distinctions between pain intensity and unpleasantness are delineated in greater detail in our previous study. 83 
Dispositional mindfulness assessment
The Freiburg Mindfulness Inventory (FMI) short form is a 14-item assessment designed to assess dispositional mindfulness because its validity is not predicated on previous meditative experience, it does not require experience with Buddhism or meditation, and it has been used as a validated measure of trait mindfulness. 48, 75, 91 The FMI is a psychometrically valid instrument that exhibited high internal consistency (Cronbach alpha 5 0.86) in this study and previous work. 75 Higher scores indicate higher mindfulness.
Anatomical magnetic resonance imaging acquisition
Participants were scanned on a 3T Siemens Skyra scanner with a 32-channel head coil (Siemens AG, Erlangen, Germany 
Study design
There were a total of 7 experimental sessions including a preintervention and postintervention MRI session in the previous study. 83 In this study, only data collected from the first 2 experimental sessions will be presented.
Experimental session 1 (psychophysical training)
After providing written consent, subjects completed the FMI. During psychophysical training, subjects were familiarized with 32, 5-second duration stimuli (ventral aspect of the left forearm; 35-49˚C) to better train usage with the VAS. We then administered a 4-minute and 24-second series of alternating 49˚C (12-second plateau) and 35˚C (12-second plateau) stimulation to the back of the left calf, identical to the "heat" paradigm used in subsequent MRI experimental sessions.
Experimental session 2 (magnetic resonance imaging session)
Participants reported to the Wake Forest Center for Biomolecular Imaging, were positioned in the MRI scanner, and placed their right leg on the thermal probe using a custom-made probe holder. A structural MRI scan was first acquired followed by 4 total series of PCASL images. Two "neutral" and 2 "heat" series were administered in an alternating fashion and counterbalanced across subjects during PCASL acquisition. The neutral series consisted of sustained innocuous 35˚C stimulation. The heat series included 10, 12-second plateaus of 49˚C interleaved between 11, 8-second periods of 35˚C stimulation. 83 We obtained VAS pain intensity and unpleasantness ratings after each PCASL series. The thermal probe was moved to a new location on the right calf after each series.
Analysis of behavioral data
Behavioral data were analyzed with SPSS 19.0 software (IBM, Armonk, New York).
Pain and Freiburg Mindfulness Inventory ratings
Pain intensity and unpleasantness ratings from the 2 respective heat series were averaged to produce a mean intensity and a mean unpleasantness rating, respectively. In 2 separate regression analyses, pain intensity and unpleasantness ratings were entered as the dependent variable, respectively, while controlling for age and sex. Freiburg Mindfulness Inventory ratings were then entered to examine the relationship between FMI on pain intensity and unpleasantness ratings, respectively.
Analysis of neuroimaging data
Calculation of cerebral blood flow
Each 4D series of PCASL images was converted into a single CBF volume. The alternating tag and control images were subtracted to generate a perfusion-weighted series (see Ref. 83 for more details).
Cerebral blood flow artifact detection procedures
Careful visual inspections were first performed on perfusionweighted images to identify gross MRI-related artifacts. Next, regional masks were created to sample CBF in the territories of the carotid and vertebral arteries to identify potential tagging failures. In addition, global CBF values were extracted to further characterize potential CBF artifacts. Cerebral blood flow images exhibiting low (#20 mL/100 g tissue/minute) global/regional CBF values were subsequently characterized as anomalous. 83 In sum, 9 subjects exhibited artifacts and/or anomalous CBF and their data were subsequently removed from the present analyses (76 participants are included in this study). Each subject's functional images were registered to their structural data using a 6-parameter linear 3D transformation. Brain-extracted structural data (using BET) 67 were transformed into standard stereotaxic space (as defined by Montreal Neurologic Institute) using a 12-parameter affine transformation followed by a nonlinear transformation. 1, 2, 30 This nonlinear transform was then applied to CBF data.
Statistical analysis of regional signal changes was performed on 4D concatenated CBF data (first-level analyses) using a fixedeffects general linear modeling approach. 78 Random-effects analyses were used to assess activation across individuals. T/F statistic images were Gaussianized and thresholded using clusters determined by a z .2.3. Corrected cluster significance threshold was set at P , 0.05. 80 This procedure ensures that the probability of false-positive findings is corrected for multiple comparisons across all brain voxels.
79 Table 1 Multiple regression analysis assessing the relationship among pain intensity ratings, age, sex, and Freiburg Mindfulness Inventory ratings (n 5 76). A first-level 1-factor analysis of variance was performed for each individual to identify a main effect of stimulation (heat vs neutral). A second-level analysis was conducted across individuals to identify significant mean effects associated with stimulation level, and whole-brain regression analysis examined the neural correlates supporting individual differences in FMI scores. The first regressor modeled the mean effect of noxious thermal stimulation (heat vs neutral) on regional brain activation. The second regressor modeled the effect of mean-centered FMI ratings on regional brain activation.
To better visualize the results corresponding to our primary hypothesis that higher trait mindfulness would be associated with greater deactivation of the DMN in response to noxious heat stimulation, binary masks were created to extract CBF values from brain regions of interest that significantly covaried with FMI ratings. Global and region of interest (ROI) CBF values were calculated by performing the following procedures. First, wholebrain and ROI binary masks were created and registered to each individual's anatomical space. 25, 30, 31 Region of interest-based binary masks were generated around the significant thresholded clusters corresponding to our specific hypotheses using the Harvard-Oxford Probabilistic Atlas (defined as contiguous voxels with $50% probability of being labeled as the PCC).
14, 55 We then calculated (FSL's fslstats command) each individual's mean CBF value from their respective perfusion-weighed images corresponding to whole-brain (whole-brain CBF) and ROI mask (mask CBF) during each heat and neutral series. Next, the mean CBF ratio (mask CBF/whole-brain CBF) corresponding to heat and neutral series was calculated, respectively. Finally, separate bivariate correlation analyses were conducted (1) to determine whether mean CBF ratio values in the PCC during heat were associated with pain ratings, and (2) to confirm the relationship with FMI values. Conjunction analyses were also conducted to examine whether there was significant overlapping activation between brain regions supporting the main effect of pain and FMI scores (z threshold 5 2.3, P value threshold 5 0.05). (Fig. 1A and Table 1 ). There was no significant relationship between age and sex and (1) pain-intensity ratings and (2) FMI values (P's . 0.05).
Pain unpleasantness
Higher dispositional mindfulness scores were significantly associated (sr 5 20.32, P 5 0.005) with lower pain unpleasantness ratings (Fig. 1B) when controlling for age and sex (Fig. 1B and Table 2 ).
There was no significant relationship between age and sex and (1) pain unpleasantness ratings and (2) FMI values (P's . 0.05).
Neuroimaging findings
Noxious heat-related brain activation
When compared with neutral (35˚C) stimulation, noxious (49˚C) stimulation produced activation in the primary somatosensory cortex (SI) corresponding to the stimulation site, periaqueductal gray matter, bilateral thalamus, bilateral secondary somatosensory cortices (SII), bilateral parietal operculum, posterior/anterior insula, midcingulate cortex, dorsal anterior cingulate cortex, cerebellum, supplementary motor area and deactivation of the PCC/precuneus, bilateral dorsolateral prefrontal cortex, and medial prefrontal cortex ( Fig. 2 and Table 3 ).
Higher trait mindfulness is associated with greater posterior cingulate cortex deactivation during noxious heat
Higher FMI ratings were associated with greater deactivation of a brain region extending from the precuneus to the dorsal PCC (dPCC) and the ipsilateral SI during noxious heat ( Fig. 3 and Table 3 ). During the 49˚C heat series, greater CBF in the dPCC was significantly associated with higher pain unpleasantness (r 5 0.23, P 5 0.04; Fig. 4 ) and lower FMI ratings (r 5 20.23, P 5 0.04; Fig. 4 ). There was a trend towards significance in the relationship between dPCC activation and pain intensity ratings (r 5 0.20, P 5 0.08) during heat series. Dorsal PCC activation during neutral series was significantly correlated with pain unpleasantness ratings (r 5 0.23, P , 0.05) but not with FMI (r 5 20.17, P 5 0.15) or pain intensity ratings (r 5 0.19, P 5 0.10).
Significant overlap between pain and Freiburg Mindfulness Inventory-related brain deactivation during noxious heat
Conjunction analyses revealed significant (P 5 0.001) overlap between deactivation corresponding to the main effect of pain and higher FMI rating-related deactivation in the precuneus/PCC (Fig. 5 and Table 3 ).
Global cerebral blood flow
Consistent with previous work, 9,83 paired-samples t-tests revealed that global CBF values were significantly lower during noxious heat when compared with innocuous neutral series ( Table 4 ; P , 0.001).
Discussion
The present findings demonstrate that higher trait mindfulness is associated with lower pain ratings ( Fig. 1 and Tables 1 and 2 ). Higher trait mindfulness ratings were significantly associated with lower pain sensitivity and greater deactivation of the posterior midline nodes of the DMN. Specifically, greater deactivation of the Figure 2 . Brain activations and deactivations during the main effect of pain. Greater activation in the bilateral thalamus, primary somatosensory cortex (SI) corresponding to the stimulation site (ie, right calf), bilateral secondary somatosensory cortices (SII), bilateral posterior insula, bilateral anterior insula, dorsal anterior cingulate cortex (dACC), supplementary motor area (SMA), cerebellum, and periaqueductal gray matter (PAG) was detected in the presence of noxious heat when compared with innocuous neutral series. Greater deactivation of the precuneus/posterior cingulate cortex (PCC), medial prefrontal cortex (mPFC), and dorsolateral PFC (dlPFC) was revealed during heat when compared with neutral stimuli. R, subject right, slice locations correspond to standard stereotaxic space. www.painjournalonline.com 2481 dPCC and precuneus was associated with higher trait mindfulness during noxious heat when compared with innocuous stimulation (Fig. 3) . Post hoc confirmatory analyses revealed that greater CBF values in the dPCC were associated with higher pain unpleasantness and lower trait mindfulness ratings (Fig. 4) . These novel findings demonstrate that meditation-naive individuals exhibiting higher levels of trait mindfulness feel less pain in response to frankly noxious stimulation and evoke greater deactivation of brain regions supporting internal and external engagement of attention and corresponding affective appraisals to arising sensory events. 3, 36, 37, 50 This is the first study to demonstrate that individual differences in pain sensitivity are inversely associated with trait mindfulness levels in individuals without previous meditation experience. The mindfulness inventory (FMI) used in this study was designed to measure trait mindfulness, as characterized by the day-to-day ability to experience sensations and emotions without reaction. 75 It is then fitting that the association between the dPCC, precuneus, and trait mindfulness was associated with the affective dimension, in contrast to the sensory aspect, of selfreported pain. 58 Furthermore, there was significant overlap PCC and precuneus between pain and FMI-related deactivation during painful heat. These findings provide a potential neural substrate for how trait mindfulness influences pain processing. That is, the precuneus/PCC are implicated in processing self-referential and ruminative cognitions. 41, 73 The present evidence suggest that highly mindful individuals may be more resilient to pain-related ruminations 43, 44, 60, 81 and potentially less likely to magnify evaluations that normally impart significance to salient sensory events, mechanisms also associated with mindfulness meditation-induced anxiety 89 and pain reductions. 83, 88 4.1. Greater dorsal posterior cingulate cortex activity is associated with lower trait mindfulness and higher pain unpleasantness ratings
Based on previous work, 6, 10, 71, 83, 88, 89 we expected that mindful individuals would exhibit greater deactivation of the ventral aspect of the PCC. Yet, the dPCC, not the ventral aspect of the PCC, was inversely associated with trait mindfulness. The dPCC has a high metabolic rate, 61 exhibits high CBF values relative to all other brain regions, 52 and is anatomically and functionally hetereogeous. 37, 74 The dPCC is significantly integrated with other neural networks and has multiple significant roles in facilitating internally directed attention and sensory awareness. 28, 38 It is also associated with monitoring and signaling affective changes in the sensory environment and allocating attentional resources to address said environmental alterations. 29, 36, 37 These characterizations are remarkably fitting with respect to the present findings.
Individuals with low dispositional mindfulness exhibited higher pain intensity and unpleasantness ratings, suggesting that they have heightened attentional sensitivity and affective engagement to noxious stimuli. 36 A recent study revealed that lower trait mindfulness ratings, in older adults, were associated with weaker functional connectivity within the dPCC, possibly indicating higher dysfunctional cognitive and affective control processes. 65 The dPCC has also been repeatedly implicated in processing the sense of self 26, 76 because it is anatomically organized and connected to 5 functional subsystems including attentional, motor, sensory, salience, and DMN, 27, 36, 38 and facilitates broad attentional monitoring and affective reactions to initiate behavior change. 37, 52 Thus, in the context of the present data, we propose that greater precuneus/PCC-related activation uniquely corresponds to greater propensity to attach to, 32 ruminate on, 34 and personalize 3 pain appraisals. While nonmindful individuals may be more likely to "get caught up" 5 in pain, individuals higher in trait mindfulness may have a greater ability to decouple noxious sensory discriminations from affective appraisals. 90 In fact, mindful individuals exhibit an increased tendency to experience pleasure, 72 reduced pain catastrophizing, 13, 51, 63 and recover from stress more effectively than nonmindful individuals. 11 Taking into consideration the present findings and previous work, 7, 49, 69 greater precuneus/ PCC deactivation may be associated with the metacognitive ability to let go of maladaptive, self-referential evaluations. Recent work has shown that chronic pain and alcoholdependent patients exhibiting low levels of trait mindfulness have a greater proclivity to misuse opioids and alcohol during treatment and crave alcohol/opioids during recovery, respectively. [20] [21] [22] Thus, mindfulness could be an important psychological target for health promotion because it can be increased even after only brief bouts of meditation training. For instance, we found that mindfulness significantly increases on average by 13% after only 3 to 4, 20-minute sessions of mindfulness-based mental training. 83, 84, [86] [87] [88] Increases in mindfulness levels, in response to brief meditation training, were also associated with greater meditation-based analgesia, 84 and meditation practice frequency is positively associated with dispositional mindfulness. 75 Similarly, converging lines of evidence demonstrate a robust association between greater meditation experience and stabilized, neuroplastic-induced deactivation of the PCC. 6, 70 Thus, the relationship between PCC deactivation and trait mindfulness likely reflects a broader characterization of mindfulness-based cognitive disposition.
This study shows that mindful individuals are less sensitive to pain and exhibit significantly lower activation in the precuneus/ dPCC, central nodes of self-referential, 12, 61 and nociceptive processing. 17, 64 It is possible that a more conservative multiple comparison threshold would lower family-wise error (FWE) rates. 16 However, the results from this study may be less susceptible to inflated FWE rates because we used perfusionbased fMRI, FSL's conservative FMRIB's Local Analysis of Mixed Effects (FLAME 1 1 2) Bayesian estimation method, and larger voxel sizes than conventional slice parameters. Together, these approaches are associated with significantly lower FWE rates. 15, 18, 45 We postulate that future pain studies may consider including trait mindfulness measures as covariates of interindividual variability due to the potential influence of mindfulness on the constellation of interactions between sensory, cognitive, and affective factors that impact the subjective experience of pain. 8, 33, 47 These findings could be used to better develop adjunctive pain therapies (biofeedback; mindfulness meditation; and dialectical behavioral therapy) to specifically target increases in trait mindfulness and reductions in PCC/precuneus activity to treat pain. 
